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COMPOSITION DISTRIBUTION AND EQUIVALENT BODY SHAPE FOR

A REACTING, COAXIAL, SUPERSONIC HYDROGEN-AIR FLOW

By Griffin Y. Anderson, Anthony M. Agnone,*

and Win. Roger Russin

Langley Research Center

SUMMARY

Results of an experiment with an ambient-temperature Mach 2 hydrogen jet mixing

and reacting with an ambient-temperature Mach 2 air stream are presented and analyzed.

Combustion of the hydrogen jet was piloted by reaction in a low-velocity annular oxygen

flow between the hydrogen and air flows. Pitot pressures measured in the air flow out-

side the mixing-reacting region were used with an inverse application of the method crf

characteristics to calculate streamlines and deduce an equivalent nonreacting-flow body

shape to represent the burning jet. Expansion waves generated by a rectangular duct

placed around the jet were found to produce no large change in the mixing and reaction

between the hydrogen and air streams. Gas samples abstracted from the mixing-reacting

region were used to match theoretical turbulent-mixing calculations with the experimental

data. Streamlines from the inverse application of the method of characteristics and from

mixing computations are identical outside the mixing region near the jet exit. Measured

Mach number profiles across the flow for the nonburning and burning cases match mixing

computations for the same value of turbulent viscosity, implying that chemical reaction

does not affect mixing rate under the conditions of this experiment.

INTRODUCTION

The potential of supersonic-combustion ramjet propulsion for hypersonic flight has

been recognized for more than a decade. (See refs. 1, 2, and 3.) Progress toward the

realization of this potential for a specific application requires the development of practi-

cal compromises between many conflicting requirements, as discussed in reference 4.

On the one hand, the desire for high engine performance over a range of flight speeds

suggests the need for variable geometry with movable inlet ramps, combustor walls, and'

nozzle surfaces. On the other hand, the need for low engine weight, mechanical simplic-

ity, and minimum cooling requirements dictates that variable geometry be held to a
minimum.

*New York University.



Combustion-generatedcompression has beensuggestedin reference 5 as a means
of varying inlet compressionwithout variable geometry. Conceptually, the desired
variations in the location and strength of specific portions of the inlet compression pro-
cess are controlled by tailoring the distribution of fuel injection instead of changingthe
wall geometry. Even for a crude beginning,the designof an inlet employing combustion-
generatedcompression requires the ability to predict the flow field surrounding a single
fuel injector. A theoretical analysis which canbe appliedto this problem is available
(ref. 6), but the results dependon the proper choice of constantsto represent the turbu-
lent mixing betweenthe injected fuel and surrounding air. Further, the analysis is
limited to situations in which no large radial pressure gradients exist and requires the
axial static-pressure distribution as an input.

Oncedesigned,an inlet employingcombustion-generatedcompression poses addi-
tional problems in testing. In order to demonstrateperformance, either the test hard-
ware andfacility must be suitable for producing combustionor somemeansof simulating
the effects of combustionmust be provided. Onepossible simulation technique is the use
of an "equivalent body" to replace the fuel injector andthe mixing and reacting region.
Reference7 presents an evaluationof this techniqueas appliedto turbojet exhaustplumes
of supersonic airplanes. In effect, the streamline displacement in the nonreactingflow
surrounding the injector and combustionregion is reproducedby supplyingthe proper
streamline shapewith a contouredwall. Simulation of the effects of combustionwith an
equivalent bodyis essentially the inverse application of the conceptof combustion-
generatedcompression to hypersonic-inlet design. Design of the inlet requires predic-
tion of the flow field generatedby mixing andcombustion; testing of the inlet in aerody-
namic facilities where combustion is not possible requires prediction of the equivalent
bodyshapewhich simulates mixing andcombustion.

An experiment wasundertakento explore combustion-generatedcompression with
the ultimate goal of developingtechniquesfor practical application to inlet and combustor
design. To simplify the experimental setupandinstrumentation, a simple axisymmetric
geometry andambient-temperature gas supplies were chosen. Specifically, the purpose
of the experimentwas threefold:

(1) To provide detailed measurementsof aerodynamiceffects outsidethe burning
region causedby a mixing andreacting fuel jet andcalculate its equivalentbody shape

(2) To examinein at least a qualitative way the effect of externally generatedwaves
on the mixing-reacting region

(3) To obtain pitot pressures and gas samples from the mixing-reacting region

Once the streamline shape for a mixing-reacting fuel jet is determined experimentally,

a comparison with predictions of a mixing analysis such as the one presented in refer-

ence 6 can be made.



SYMBOLS

B

C

F

M

ratio of oxygen to nitrogen atoms relative to that in air

species mass fraction after complete reaction

fraction of hydrogen reacted

Mach number

molecular weight

P static pressure

Pt

q

total pressure

dynamic pressure

R universal gas constant

rj

T

Tt

V

radial coordinate measured from nozzle center line

centerbody or jet radius (1.09 cm)

statictemperature

totaltemperature

velocity

X axial coordinate measured from nozzle exit plane

species mass fraction

Y ratio of specific heats

40 angle between local flow direction and center line

species volume fraction



p density

Subscripts:

Von Mises or streamline coordinate

0 nozzle plenum

behind normal shock

free stream

__ center line

e nozzle exit

H 2 hydrogen

H20 water

N 2 nitrogen

0 2 oxygen

APPARATUS AND PROCEDURE

The experimental apparatus is shown schematically in figure 1. Dry air at ambient

temperature is supplied from storage bottles to an axisymmetric, contoured, Mach 2

nozzle which has a cylindrical centerbody. The centerbody is supported by streamlined

struts mounted within the nozzle plenum. Care was taken in the design to make the cen-

terbody and its supports sufficiently rigid to prevent centerbody vibration of significant

amplitude during operation of the nozzle. Coordinates for the nozzle contour were taken

from reference 8 and scaled to give a 15-cm exit diameter. The nozzle exhausts to

ambient pressure as a free jet, and air-supply pressure is adjusted to match the nozzle

exit pressure with ambient pressure.

As shown in the detail inset of figure 1, the centerbody consists of a straight-walled

outer tube and an inner tube having a 5 ° half-angle internal expansion tip with area ratio

of approximately 2.2. The constant-area annulus between the inner and outer tubes is

supplied with ambient-temperature oxygen from storage bottles at 0.008 kg/sec. The

inner tube is supplied with ambient-temperature hydrogen from gas-tube trailers at
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0.065kg/sec. If one-dimensionalflow is assumed,with these flow rates the oxygen
velocity is subsonicat about 30m//secandthe hydrogenvelocity is supersonic (Mach
number 2.3) at more than 2000m//sec. The low-velocity oxygenandthe blunt base of the
outer tube form a region where combustionof the central hydrogenjet canstabilize once
the flow is ignited.

Ignition of the flow is achievedby the following technique. Air flow to the nozzle
and oxygenflow to the centerbodyannulusare established. A small flow of fuel-rich
hydrogen-air mixture (0.06g/sec of hydrogenand 0.5 g/sec of air) is suppliedto the
inner tube. The mixture is ignited by a spark plug located at the entranceto the inner
tabe. The hot fuel-rich combustionproducts flow downthe inner tube to its exit, where
they mix andburn with the annular oxygenflow andsurrounding air. With combustion
established at the exit of the inner tube, hydrogenflow to the inner tube is increased to
the desired value andair flow to the inner tube is stopped. Combustionbetweenthe
hydrogenfrom the inner tube andthe surrounding air flow continues,piloted by combus-
tion in the low-velocity oxygenandbase region of the outer tube.

Measurements in the cold flow field surrounding the mixing-reacting region of the
flow were madewith anuncooledpitot rake. The rake tubeshad an outside diameter of
1.5 mm and a wall thickness of 0.25mm. The measuring tip of eachtube was flattened
to an oval shapeover a piece of 0.25-mm shim stock andthe longer dimension of the oval
was oriented perpendicular to the plane of the rake. The individual tubeswere supported
in a strut of wedgecross section with about2.5-mm spacingbetweentube centers. The
rake wasmountedalonga radial line in the flow and could bepositioned at different axial
locations by remote control. Pitot pressures were measuredandgas samples collected
in the mixing-reacting region of the flow with a single-tube water-cooled probe.

Externally generatedwaves intersecting the mixing-reacting core of the test flow
were producedby addingthe rectangular-cross-section duct shownin figure 2 to the
apparatus. The side walls of the duct are parallel, but the top andbottom walls each
diverge at an angleof 5° with respect to the center line. Whenmountedwith its center
line on the center line of the flow and its entrance plane in the plane of the centerbody
tip, this "wave duct" produced expansionspropagatingfrom the leading edgesof the top
and bottom walls toward the center line of the flow. The ratio of the air flow entering
the duct to the hydrogenflow in the jet is approximately stoichiometric. The wave duct
was instrumented with static-pressure taps onthe center line of eachwall as indicated
in figure 2.

The water-cooled probe andgas-sample collection system are shownschematically
in figure 3. Coolant for the probe was supplied at 400° K andthe line from the probe to
the sample bottle was insulated and electrically heatedto 400° K in an attempt to avoid
condensinganywater present in the gaswithdrawn by the probe. Gassamples were



collected in unheated150-cm3stainless-steel bottles by the following procedure. The
bottle wasevacuatedandvalves at eachendwere closed. The bypassaround the sample
bottle to the vacuumpumpwasopened,andthe probe wasplaced in the desired position
with coolant flowing and sample-line heaters on. Nozzle air flow and combustionwere
initiated. After approximately 30 seconds'delay to allow representative gas to reach the
bottle, the bottle inlet valve wasopenandthe bypass closed. The bottle pressure was
allowed to rise to a steadyvalue (usually within 10 to 20 seconds),the bottle inlet valve
was closed, andthe pitot pressure was recorded.

This procedure was varied in the collection of two samples in order to checkthe gas
analysis technique. Insteadof allowing samplegas to fh)w into a dead-endsamplebottle,
the valve betweenthe sample bottle andvacuumpump was left openandsample gaswas
allowed to flow throughthe bottle. Sincethe bottle wasnot heated, condensationand col-
lection of water from the sample gasmight be expected. Oncea sample bottle hadbeen
filled, it was removedfrom the system andreplaced by another bottle. The sample-bottle
contentswere analyzedawayfrom the site of the experiment in a mass spectrometer.
Before withdrawing a sample from the bottle into the mass spectrometer, the bottle and
inlet piping to the instrument were electrically heatedto 400° K. For the contentsof a
given sample bottle the mass spectrometer analysis is accurate within +1 percent.

In the experiment, data were collected in the following manner. With either the

uncooled rake, the wave duct, or the cooled probe mounted in the desired location, nozzle

air flow and combustion were established. After a few seconds' delay to allow pressure

readings to stabilize, data recording was initiated. When recording was completed, the

hydrogen flow was stopped and the rake or probe was set in a new position. Repeatability

of the mass flow rates of hydrogen and oxygen from run to run was measured with orifice

plates and found to be better than +3 percent. The nozzle supply pressure was repeated

within +1 percent from run to run. Pitot pressures from the cooled probe and the uncooled

rake and static pressures from the wave duct were measured with strain-gage pressure

transducers. The absolute accuracy of these measurements is estimated to be +2 percent.

However, since the uncooled-rake pitot pressures were commutated by pressure scanning

valves and measured with the same transducer, differences between these readings in the

same run should be significant to the resolution of the recording device, or approximately

+0.1 percent.

RESULTS AND DISCUSSION

Uncooled-Rake Measurements

Schlieren photographs of the experimental flow field are shown in figure 4. In the

nonburning case an expansion fan and recompression shock in the main air flow at the tip



of the nozzle centerbodyare clearly visible. Also, oblique shocks from the lip of the
inner tube are visible in the hydrogen jet, confirming that the jet is supersonic. In the

burning case the expansion and recompression in the main air flow are not seen. Instead,

a weak wave starts at the tip of the centerbody and propagates out into the main air flow.

The waves in the hydrogen jet are still visible but are obscured to some extent by the

large density gradient in the annular combustion region surrounding the hydrogen jet.

Pitot-pressure data taken with the uncooled rake for the nonburning and burning

flows shown in figure 4 are given in table I. In order to calculate the equivalent body

shape for these flows, the computer program described in reference 7 was used. The

program requires as input the distribution of Mach number and flow direction along a

line in the flow and constructs a characteristic net from the data line toward the center

line. The construction assumes perfect-gas relations so that the flow generated is an

equivalent (in that it has the same Mach number and flow direction along the data line)

flow field of uniform composition and total temperature. The method used to calculate

Mach number and flow direction from the rake measurements is presented in appendix A.

In both the nonburning and burning schlieren photographs of figure 4 some weak

waves originating upstream of the nozzle exit plane are visible. Further evidence of

nonuniformity in the air flow at the nozzle exit plane is shown in figure 5. There the

local Mach number at the nozzle exit, calculated according to reference 9 from the ratio

of rake pitot pressure to nozzle plenum pressure, is plotted as a function of radial loca-

tion. In the portion of the flow outside r/rj = 3.9 the local Mach number has a mean

value near 1.97. Nearer the nozzle centerbody, the Mach number approaches 2.05. The

importance of even small nonuniformities in the flow originating in the nozzle cannot be

overemphasized. Since the data are to be used to determine the effect of the jet mixing

and reaction on the surrounding air flow, any variations due to nonuniformity in nozzle

flow and not related to the jet mixing and reaction must be eliminated from the data.

Typical pitot data along a line parallel to the center line are shown by the symbols

in figure 6 for the nonburning and burning cases. If these data are used directly, large

turning of streamlines away from the center line is calculated for both the nonburning

and burning cases. Since the calculation assumes uniform flow approaching the data line,

changes in pressure due to compressions and expansions originating in the nozzle are

incorrectly taken as arising from waves generated near the axis of the flow. For instance,

the weak compression in the nozzle flow noted in figure 4 raises pressure along the data

line by turning the flow toward the center line. But the calculation incorrectly interprets

this rise in pressure as due to a compression of the opposite family originating near the

center line of the flow which turns the flow away from the center line.

In order to get even a qualitative picture of the equivalent streamline shape for the

nonburning and burning cases, the data had to be corrected to remove the effect of the
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strongest wavesfrom the nozzle. By careful study of the schlieren photographsrepro-
ducedin figure 4 and all the uncooled-rake data, the approximate strength of the wave in
figure 4 which originates in the nozzlewas estimated. The changein pressure dueto
this wave was then subtracted from the measuredpressure alongthe data line, andthe
local Machnumber andflow direction were calculated as discussed in appendixA. The
corrected datawhich were used to calculate values for input to the computer program
described in reference 7 are shownby the lines in figure 6. The uncorrected and cor-
rected pitot-pressure ratios andthe calculated Machnumber andflow direction are pre-
sentedin table II.

Computedstreamlines are plotted in figure 7. Note that the scale of the radial
location is five times that of the axial location to accentuatestreamline deflection. In
the nonburningcasethe flow expandstoward the center line, recompresses, andthen
gradually diverges from the center line, in agreementwith the effects indicated in fig-
ure 4. With burning no expansionand recompression occur; the streamlines simply turn
awayfrom the center line. The location of the equivalent-bodysurface, ideally the
streamlir,e that starts on the center line in the uniform parallel flow assumedaheadof
the nozzle exit plane, was estimated by extrapolation from streamlines starting near the
center line since the equationsusedin the inverse application of the methodof character-
istics are indeterminate at the center line. For the burning case in figure 7 the stream-
line nearest the center line represents the estimated equivalent-bodyshapefor the
mixing-reacting let. The equivalentbody is essentially conical with a half-angle of
about6° .

WaveDuct

Externally generatedwavesintersecting the mixing-reacting region were produced
by installing the waveduct in the nozzle exit planeas described in the section entitled
"Apparatus and Procedure." Pressures measuredon the walls of the waveduct divided
by nozzle-exit static pressure are presented in figure 8 for the nonburningandburning
jet. In the nonburningcase the pressure generally decreasesalongthe lengthof the duct.
Peaksandvalleys in pressure dueto shocksandexpansionstraveling back andforth
across the duct are evident at a spacingof 5 or 6 jet radii. In the burning casea general
rise of pressure along the length of the duct is noted. Peaksandvalleys in pressure
indicating the presenceof wavesare still evident but at somewhatsmaller axial spacing
than in the nonburningcase. Also, the rangein pressure on the four walls of the duct at
a given axial location is nearly twice as great in the burning caseas in the nonburning
case.

Detailed prediction of the pressure distributions in figure 8 wouldindeedbe a formi-
dable task. The flow is three dimensional, it is nonuniform in velocity andcomposition,
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and the effects of chemical reaction are apparently important. However, at least a quali-
tative representation of the general trend and level of pressure in the waveduct should
be obtainablewith a one-dimensionalanalysis. With this goal in mind a one-dimensional

analysis waswritten following the developmentin chapter 8 of reference 10. The analy-
sis essentially consists of writing equationsfor the conservation of mass, momentum,
and energy in an increment of length in a one-dimensional channel. Real-gas thermody-
namic properties for hydrogen-air mixtures reacted to a specified degreeare used in the
analysis. A computer program wasprepared to implement the analysis. Input to the
program includes the cross-sectional area distribution and the combustiondistribution
with axial distance as well as the properties of the entering air andhydrogenstreams.

The wave-duct static-pressure distribution computedfor the nonburningcase is
shownin figure 9. The datapoints shownare the averageof the pressures measuredon
the four walls of the duct at each axial location. The trend of the data is represented
fairly well by the theoretical one-dimensionalpressure distribution. The sharp initial
rise of the theoretical curve results from completely mixing the entering hydrogenand
air streams in the first step of the theoretical calculation. Instant mixing is required for
a one-dimensional representation but, of course, does not occur in the experiment. Actual
measurementswould not be expectedto showan initial pressure rise similar to that shown
by the theory.

In order to computethe static-pressure distribution in the waveduct with burning,
the axial distribution of chemical reaction must be specified. From the uncooled-rake
data discussed in the preceding section, anequivalent bodywith a nearly conical surface
was deducedfor the burning case. If the cross-sectional area of the equivalent bodyis
taken as proportional to the amountof fuel reacted andthe presenceof the waveduct does
not greatly affect the mixing andcombustiondistribution, then the fraction of fuel reacted
shouldbeproportional to the square of the distance from the nozzle exit:

_(r_) _ (1)

The static-pressure distribution resulting from this assumption is shown in figure 10 for

three different levels of fuel reacted at the end of the wave duct. The symbols represent

the average of the measured pressures on the four walls of the wave duct at each axial

location. The one-dimensional theoretical calculation gives a fair representation of the

trend of the data but of course does not predict the pressure excursion due to waves. As

indicated in the figure, the theoretical pressure distribution is quite sensitive to the totai

amount of fuel assumed to react. If the fraction of fuel reacted at the end of the duet

exceeds 0.055, the one-dimensional theoretical computations indicate clinking. Since no

evidence of choking was observed in the experiment, the heat addition in the wave duct is

likely to be less than that corresponding to F = 0.055.



Cooled-Probe Measurements

Sincedataacquisition with the single-tube cooledprobe (particularly gas-sample
collection) consumedconsiderable run time, only limited datawere obtained. The data
consist of radial surveys of pitot pressure for the nonburningand burning casesat two
axial locations anda radial survey of composition in the burning caseat oneaxial loca-
tion. The pitot-pressure dataare shownin figure 11. Uncooled-rakedata for the same
axial locations are includedto extendthe profiles into the outer portion of the flow. The
profiles at the two axial locations havethe samequalitative shape,but substantial differ-
encesare noted betweenthe nonburningand burning data. The region of low pitot pres-
sure for the burning case is lower, wider, andfarther displacedfrom the center line of
the flow than that for the nonburningcase. The pitot-pressure dataare discussedand
analyzedfurther after treatment of the gas-sampledata.

Gas-sample data.- Results of the mass-spectrometer analysis of the sample-bottle

contents are presented in figure 12. The hydrogen concentration is a maximum near the

center line and decreases sharply to zero in the region near 2 jet radii from the center

line. Nitrogen and oxygen concentrations show the opposite trend, with constant values

near those for air at large distance from the center line and values near zero at the cen-

ter line. It is interesting to note that in the region near 2 jet radii from the center line,

samples contain both unreacted hydrogen and oxygen. The water concentration is a maxi-

about 1_ jet radii from the center line and decreases to near zero at the centermum at

line and at large distances from the center line. Water concentrations for the two samples

that were pumped through a cold sample bottle, shown by the flagged symbols, are sub-

stantially higher than the rest of the data, as expected. However, even these two points

are significantly below 0.35, the water volume fraction expected for combustion of a

stoichiometric hydrogen-air mixture.

To investigate the cause of the low water concentrations found in the sample bottles,

the ratio of oxygen atoms to nitrogen atoms in each sample was calculated. Since each

sample is a mixture of hydrogen from the center jet, air from the outer stream, and per-

haps some oxygen injected from the oxygen annulus, the ratio of oxygen to nitrogen atoms

should be at least equal to the ratio of oxygen to nitrogen atoms in air. This should be

true regardless of chemical composition, provided only that macroscopic turbulent trans-

port dominates over molecular diffusion. The calculated ratio of oxygen to nitrogen

atoms divided by that ratio for air is presented in the upper portion of figure 13. Since

some pure oxygen is being injected, the ratio plotted should be greater than or equal to

1 for all samples. However, values significantly less than 1 occur in the region near 2 jet

radii from the nozzle center line, indicating a loss of oxygen atoms in the sample collec-

tion or analysis process. Although electric heating and insulation were used to prevent

condensation of water from the sample gas flowing to the bottle, cold regions of tubing
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may not have beeneliminated. The loss of oxygenatoms is probably dueto condensation
of water in cold regions of the sample line. Higher concentrations of water measured in
the two pumpedsamplesdemonstratewater removal from the samplegas by the cold
sample bottle andalso confirm the ability of the gas analysis techniqueto record water
concentrations approachingthe level expected.

In order to make further useof the gas-sample datapresented in figure 12, a cor-
rection was madeto the measuredcomposition to accountfor oxygendepletion. The
correction consistedof addingenoughwater to eachmeasuredcomposition to make the
ratio of oxygento nitrogen atoms at least equal to that of air. A detailed description of
the treatment of the gas-sample data is includedin appendixB. In the lower part of fig-
ure 13the corrected water concentration is plotted alongwith the water concentration
measured in the samplebottles. As canbe seen, the correction producesa substantial
changein both the magnitudeandlocation of the peak in the water-concentration profile.
The peak of the corrected water-concentration profile is higher and farther from the
center line than the peak of the uncorrected data. In the rest of this report the corrected
composition, with the ratio of oxygento nitrogen atoms greater thanor equal to that of
air, will be takenas representative of the averagegas composition ingestedby the probe
in the experiment.

It shouldbe notedthat the peak value of the corrected water concentration is still
below0.35, the maximum water concentration expectedfrom combustionof a hydrogen-
air mixture. This remaining difference is dueto the unreactedhydrogenandoxygen
foundin the sample-bottle analysis. The degreeto which a gassample is reacted canbe
represented quantitatively by the ratio of the water present to the amountthat wouldbe
present if the sample were completely reacted. This ratio, the "fraction reacted," was
computedfor the corrected gas composition andis shownin figure 14as a function of
radial location. The fraction reacted is substantially less than 1 at distances near 2 jet
radii from the center line.

Incompletely reacted gas samplescould result for a number of reasons. First,
since combustionis occurring at a finite rate, reacting gas might enter the probe, be
quenchedby the cooledprobe walls, andcontribute unreactedhydrogenandoxygento the
sample-bottle contents. The probe, however, has a blunt tip and a simple cylindrical
entrance, andthe velocity of the sample gasentering the probe is less than one-twentieth
of the local stream velocity. Therefore, it is likely that any partial reaction in the gas
approachingthe probe was completedin the process of entering the probe tip. A second
possibility is that the unreactedhydrogenand oxygenfound in the sample bottle entered
the probe tip at different times. (Seerefs. 11 and 12.) In an inhomogeneousturbulent
flow the probe could beexpectedto seeat oneinstant a fuel-rich mixture and at another
instant a fuel-lean mixture. Even thougheachof these mixtures might be completely

11



reacted and the time-average composition might be stoichiometric, unburned fuel and

oxidizer would enter the probe. Once in the probe and cooled, the hydrogen and oxygen

would mix without reacting on the way to the sample bottle and become part of the time-

average composition ingested by the probe.

Mixing analysis.- The incompletely reacted gas composition that was measured

poses some difficulty in relating the data to theoretical predictions. As can be seen in

the schlieren photographs of figure 4 or the pitot-pressure profiles in figure 11, the

physical location of the mixing-reacting region depends on how much reaction is occurring.

Therefore, theoretical predictions of composition in terms of radius would have to include

proper representation of the local fractions reacted, as plotted in figure 14. Finite-rate

chemical computations, although they provide a means of computing locally incomplete

reactions, are not expected to be relevant to the present data. The fraction reacted could

be correlated with local equivalence ratio or some other parameter and used with equilib-

rium chemistry to represent the data. However, since a composition profile was mea-

sured at only one axial location, this procedure was not considered warranted. Instead,

the measured composition can be compared in terms of the Von Mises or streamline

coordinate (ref. 6), which depends on the distribution of the jet and surrounding fluid but

not on the completeness of chemical reaction. The streamline coordinate _h was cal-

culated for the data by the procedure given in appendix B. For an axisymmetric flow,

the value of _ at a given point is proportional to the square root of the mass flow of

fluid contained within that radius.

The composition of completely reacted gas in terms of mass fractions is shown

plotted against streamline coordinate in figure 15. Theoretical composition profiles cal-

culated by the computer program presented in reference 6 are shown in figure 15 along

with the data. For the theoretical calculations the Prandtl and Lewis numbers were

assumed to be i, and the eddy viscosity model recommended in reference 13 was adopted.

The model is

et = kb(pV)¢_ (2)

A value of 0.005 was used for the constant factor k. The parameter b is a mixing-

zone width defined by particular values of velocity in the velocity profile as described in

reference 13. The theory was fitted to the data by matching the location and width of the

peak in the water distribution. As indicated in the figure the composition data were all

shifted 0.038 (kg/sec) 1/2"toward the center line in order to match the theoretical distribu-

tion. This increment in _ corresponds to a physical distance of 0.24 cm and is well

within the precision with which the center line of the flow could be estimated in alining

the transverse mechanism of the probe at this axial location (27 cm from the nozzle exit).

As can be seen in figure 15, the data and theoretical composition profile are in fair

agreement. Near the center line the data show higher water concentration and lower
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hydrogen concentration than the theory. However, in the theoretical calculations no

satisfactory way could be found to represent the proper mass flow of oxygen iniected

from the oxygen annulus. Calculations were made simply for hydrogen mixing in air,

and some difference between the data and theory should be expected in the center portion

of the flow where the total amount of oxygen present is of the same order as the injected
oxygen.

The local Mach number in the burning region is compared with the theoretical Mach

number in figure 16. The local Mach number was calculated from the pitot-pressure

data by means of the tables in reference 9, assuming a static pressure of 1 atmosphere

and a ratio of specific heats equal to 1.4. Data and theory agree fairly well, with the data

generally falling slightly above the theory. This difference is expected because the theo-

retical calculation assumes chemical equilibrium, whereas the data are representative

of a flow which is incompletely reacted on the average. The additional heat release in a

constant-pressure process would be expected to reduce the local Mach number slightly.

As a test of the corrected composition profiles and the assumptions used in com-

puting the streamline coordinate, the total hydrogen flow and reacted hydrogen flow repre-

sented by the data were computed. For this calculation the center line of the data was

shifted as shown in figure 15. The total hydrogen flow, including both unreacted hydrogen

and hydrogen present in water, is 6 percent less than the flow to the hydrogen jet mea-

sured by the orifice plate. The hydrogen present in water amounts to 0.055 of the total

hydrogen flow. This fraction is of the same order as the fraction reacted in the one-

dimensional calculations for the wave duct and implies that the wave duct has little effect

on the amount of mixing and reaction taking place.

Further comparison with mixing theory can be made for the nonburning pitot data

as shown in figure 17, where Mach number, calculated from measured pitot pressure as

in the burning case, is plotted against radial location. Chemical reaction was eliminated

from the theoretical calculations by substituting nitrogen for air. All other input to the

calculation was kept the same as for the burning case except the constant in the eddy vis-

cosity model, which was increased by 20 percent to make the actual viscosity the same

as for the burning case. In the burning case, heat release causes streamline divergence,

which does not occur in the nonburning case. Thus, the value of the mixing zone width b

in equation (2) is smaller in the nonburning case than in the burning case; and to keep the

same value of eddy viscosity, the factor k must be increased proportionally.

Agreement between data and theory is fair. At 12 jet radii from the nozzle exit

the data near the center line fall above the theory, while at 25 jet radii the data near the

center line fall below the theory. These differences are a result of the expansion and

recompression observed in the schlieren photograph of the nonburning case in figure 4.

In the input to the theoretical calculations no attempt was made to simulate the changes

13



in static pressure associatedwith these waves. The cooled-probe datashownin figure 17
havebeenshifted toward the center line a distance correspondingto the _ shift used
with the data for the burning case in figures 15and 16. The agreementbetweendataand
theory on the location of the minimum Machnumber in figure 17 implies that there is no
large difference in mixing betweenthe nonburningandburning flow fields of this
experiment.

Streamline comparison.- The streamlines for the nonburning flow field corre-

sponding to the Mach number profiles presented in figure 17 are essentially straight lines

diverging very slightly from the center line of the flow. The mixing computation did not

include expansion toward the center line and recompression, since static pressure was

assumed to be constant throughout the flow. However, the streamline deflection due to

mixing alone is not as large as that shown downstream of the expansion and recompres-

sion region in the top part of figure 7. Apparently the quantity of data obtained with the

uncooled rake and the quality of the nozzle flow field were not sufficient for precise

streamline determination.

The streamlines calculated by the inverse application of the method of characteris-

tics and the streamlines computed in the theoretical mixing calculation for the burning

case are compared in figure 18. Streamlines calculated from the characteristic net are

shown by solid lines, and streamlines from the mixing calculations are shown by the

dashed lines. The outer edge of the mixing-reacting region predicted by the mixing

theory is shown by the double dashed line. To the left of that line both theoretical calcu-

lations treat essentially the same fluid and can be compared directly; to the right of that

line the two sets of streamlines should show differences due to mixing and reaction.

Outside the outer edge of the mixing-reacting region the streamlines are identical

at axial distances of less than 8 jet radii. Farther downstream the streamlines from

the inverse application of the method of characteristics show greater deflection than the

streamlines from the mixing calculation, as was found for the nonburning case. Since

equilibrium chemistry was assumed in calculating the mixing streamlines in figure 18,

they should show slightly greater deflection due to heat release than the actual stream-

lines in the flow. Again it is apparent that the quantity of uncooled-probe data and the

uniformity of the nozzle flow field were not sufficient for accurate streamline prediction

by means of the inverse application of the method of characteristics, at least beyond

5 or 10 jet radii from the nozzle exit plane.

Inside the outer edge of the mixing-reacting region substantial differences between

the two sets of streamlines are noted, as expected. The equivalent-flow streamlines

continue turning away from the center line and move closer together with increasing

distance downstream. The mixing streamlines, on the other hand, turn back toward the

center line and spread apart in a short zone parallel to the outer edge of the mixing
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region. This turning toward the center line anddivergence is a result of the heataddi-
tion computedfor the mixed part of the flow in the mixing calculation.

CONCLUDINGREMARKS

Experimental measurementsfrom the flow field produced by a Mach2 ambient-
temperature hydrogenjet mixing andreacting with a Mach2 ambient-temperature air
stream have beenpresentedand analyzed. Data obtainedwith the uncooledpitot rake
were found to be inadequatefor direct use in calculating equivalent nonreacting-flow
streamlines, largely becauseof nonuniformities in the nozzle flow field. The rake data
were corrected with the aid of schlieren photographs,allowing the equivalentnonreacting-
flow streamlines to be determined approximately. From these calculations the mixing
and reacting jet was foundto be equivalent to a conical bodywith a half-angle of 6°.

A duct with diverging walls wasplaced aroundthe jet to producewavesintersecting
the mixing-reacting region. The static-pressure distribution in the duct could bepre-
dicted reasonablywell with a simple one-dimensional analysis. In the burning case, the
amountof fuel burnedwas taken as proportional to the square of the distancefrom the jet
exit, as suggestedby the equivalentbody shape. Burning more than 5.5percent of the
hydrogenentering the duct causedchoking in the one-dimensional calculation. This quan-
tity of fuel is of the sameorder as the reacted fuel found by integrating the profile data
obtainedwith the cooledprobe without the waveduct mounted. The agreement implies
that the presenceof the waveduct has little effect on the mixing and reaction occurring
in the flow field of this experiment.

Gassamples abstracted with a cooledprobe from the mixing-reacting region of the
flow were foundto be deficient in oxygenatoms. The oxygendepletion wasattributed to
loss of water from the samples by condensation,in spite of precautions taken in sample
collection and analysis to prevent condensation. Sampleswere also foundto contain

unreactedhydrogenand oxygen. Whencorrected for water loss and completely reacted,
the composition data could be matchedto theoretical profiles computedwith turbulent
mixing theory by choosingthe proper eddy viscosity. In further support of the correc-
tions to the data, the integrated total hydrogenflow in the profile measuredby the cooled
probe was foundto be 6 percent less than the metered flow suppliedto the jet. Mach
number profiles for the nonburningandburning casesmatchedtheoretical computations
for the samevalue of eddyviscosity. This result implies that there is no large difference
in mixing betweenthe nonburningand burning flow fields of this experiment.
Langley ResearchCenter,

National Aeronautics andSpaceAdministration,
Hampton,Va., November 30, 1970.
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APPEND_ A

UNCOOLED-RAKEDATAAND ANALYSIS

In order to construct a uniform-composition, nonreactingflow field equivalent to
the experimental flow by using the analysis of reference 7, the distribution of Machnum-
ber andflow direction along a line in the flow field is required. For conveniencea data
line parallel to the center line of the flow waschosen. Two operations on the uncooled-
rake datawere required to arrive at input for the calculation. First, the influence of
wavesoriginating in the nozzle on the pitot pressure along the data line wasestimated
and removedfrom the data. Second,on the basis of assumptionsaboutthe nature of the
flow along the data line, the distributions of Machnumber andflow direction were calcu-
lated from the pitot pressure and nozzleplenumpressure.

Wavesoriginating in the nozzle were treated in the following manner. A grid of
pitot-measurement locations was drawnto scale andlaid over a schlieren photographof
the flaw. Wavesapproachingthe data line were followed back to a region where they
crossed a radial survey, and wavestrength wasestimated from the difference between
readings of adjacenttubeson oppositesides of the wave. The successof this technique
dependson finding a region of radial survey wherethe local pressure variation results
primarily from the nozzle wave. In the region near the data line, wavesoriginating from
both the mixing-reacting region andthe nozzleflow are found. By tracing the nozzle
wavesawayfrom the center line, their approximate strength canbe determined andthen
removedfrom the data in the region of interest. The pitot pressure along the data line
andthe corrected pitot dataare presented in table II for the nonburningandthe burning
case. Note that since the nonburningandburning flow fields are different, the location of
the correction on the data line is different for the two flows.

The Machnumber andflow direction along the data line were calculated from the
pitot pressure by the following procedure. Sincethe data line chosenis more than 3 jet
radii from the center line, the flow canbe treated locally as two-dimensional for a good
approximation in the region near the jet exit. If it is further assumedthat wavesare
weak, so that the flow is essentially isentropic, linearized relations for small perturba-
tions in two-dimensional supersonic flow (suchas those derived in chapter 14 of refer-
ence 10)canbe used.

From equation(14.12b)of reference 10,

P - Poo = 2(Ao) (A1)

1 Voo2 _Moo2 1_Poo
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APPENDIX A

1
where 4@ is in radians. Substituting q_ for _p_Voo 2 and solving for A@ in
degrees yields:

90_M 2 (P/Pt,o_)-(P°_/Pt,oo)
4@=--_- oo - 1

q _/Pt, oo
(A2)

The values of Moo, Poo/pt,oo , and q_/Pt,_ were interpolated from the tables in refer-

ence 9 for the ratio of pitot to nozzle pressure on the data line in the nozzle exit plane.

The Mach number and value of P/Pt,_ at each value of x/rj were determined from the

tables in reference 9 for the local corrected ratio of pitot pressure to nozzle plenum

pressure. In order to provide a sufficiently fine grid for the inverse method of charac-

teristics calculation, the pitot pressures were interpolated linearly in the axial direction.

The distributions of local Mach number and flow direction computed by this procedure
are included in table II.
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APPEND_ B

GAS-SAMPLE DATA ANALYSIS

The mass-spectrometer analysis of the sample-bottle contents provided the com-

position of each gas sample in terms of volume fractions of hydrogen, water vapor,

nitrogen, and oxygen. The ratio of oxygen to nitrogen atoms for the sample-bottle con-

tents divided by that ratio for air is

(2VO2 + VH20)/0"2095
(BI)B=

(2 VN_/0"7808

where the volume fractions of oxygen in air (0.2095) and nitrogen in air (0.7808) are taken

from reference 14. In correcting the sample-bottle composition to account for oxygen

depletion through water loss, the number of moles of water that should have been mea-

sured was calculated from equation (BI) by assuming B = 1:

2f° 2°95 -  02) (B2)nH20 = \0.7808 VN2

Corrected volume fractions for the sample were then calculated by renormalizing the

sample-bottle hydrogen, nitrogen, and oxygen volume fractions and the computed number

of moles of water vapor. These calculations were made only for the sample-bottle com-

positions with values of B less than 1 and for the pumped samples.

The molecular weight of the sample is

7_ = _ viT_i (B3)
i

and sample mass fractions were calculated from sample volume fractions by the formula

lOWS.

each sample was calculated. For fuel-lean samples (_O2/_H2
k /

tion the species mass fractions are

7_i (B4)
oti= vi -_--

The degree to which the samples were completely reacted was determined as fol-

The ratio of the mass of unreacted oxygen to the mass of unreacted hydrogen in

> 8_, after complete reac-
]

CH2 = 0

CH20 = _H20 + 9_H2 /

CO2 = C_O2 - 8_H2

(B5)
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APPENDIX B

( / < 8), afterFor fuel-rich samples Oto2 _H2
are

1
CH2 = _H2 - 8 _O2

9
CH20=_H20 +_O 2

CO2 = 0

complete reaction the species mass fractions

(B6)

Since nitrogen does not enter into any reactions considered, the nitrogen mass fraction

after complete reaction is equal to the corrected nitrogen mas_ fraction for both fuel-

lean and fuel-rich samples:

CN2 = _N 2 (BT)

The degree of reaction is then simply

F _ _

_H20

CH20
(B8)

The Von Mises or streamline coordinate was calculated for the gas-sample data by

the following procedure. First an estimate of the local total temperature in the reacting

flow was made on the basis of the composition and degree of reaction. For the corrected

composition the temperature rise for combustion to equilibrium ATc of each sample

was determined from reference 15. The local total temperature was taken as

T t = 300 + F(ATc) (B9)

Next the Mach number was estimated from the tables in reference 9 by using the mea-

sured pitot pressure and assuming a static pressure of 1 atmosphere and a ratio of

specific heats equal to 1.4. The local velocity and density were then calculated with the

aid of the tables in reference 9 and the following relations:

V = M _" Tt _tt (B10)

P_
p = _ (Bll)

RT t _T-
Tt

The Von Mises or streamline coordinate is defined in reference 6 for an axisym-
metric flow as
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APPENDIX B

- 2 pVr dr (B12)
0

For the gas-sample data the integral was approximated numerically as shown in the fol-

lowing sketch:

pVr

ri+l

ri

---_'_ i+l

r

Then _ was calculated from

t i___lIpVr)i+l (pVr)i_+ it_n = 2 _ i+l - r

If more than one gas sample, and hence more than one value of

given radius, an average value of pVr was used in calculating

pVr

(B13)

was available at a
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x/rj

0.00

2.33

3.49

4.07

4.65

5.23

5.81

6.40

6.98

7.56

8.14

8.72

9.30

9.88

10.47

ii.05

II.63

12.21

12.79

13.37

13.95

TABLE II.- PITOT PRESSURE AND CALCULATED MACH NUMBER

AND FLOW DIRECTION AT r/rl = 3.37
/ J

(a) Nonburning case

Pt,2/Pt,0

0.7056

.7054

.6568

.7416

.7334

.7402

.7381

Pt,2/Pt,o M A@ x/rj
corrected

0.7055

.7055

.7055

.6812

.6568

.6568

.6568

.6568

.7216

.7196

.7176

.7155

.7134

.7151

.7168

.7185

.7202

.7196

.7191

.7186

.7181

2.033 0.000

2.033 .000

2.033 .000

2.085 -1.372

2.138 -2.657

2.138 -2.657

2.138 -2.657

1.998 .982

1.998 .982

2.O03 .837

2.007 .722

2.011 .606

2.016 .477

2.012 .578

2.009 .664

2.OO5 .780

2.001 .895

2.003 .837

2.004 .809

2.005 .780

2.006 .751

0.00

2.33

2.91

3.49

4.07

4.65

5.23

5.81

6.40

6.98

7.56

8.14

8.72

9.30

9.88

I0.47

11.05

ii.63

12.21

12.79

13.37

13.95

(b) Burning case

Pt,2/Pt,0

0.7057

.7042

.7099

.7194

.7406

.7440

.7488

.7529

.7711

.7777

.7752

Pt,2/Pt,0
corrected

0.7050

.7050

.7075

.7099

.7147

.7194

.7200

.7206

.7223

.7240

.7264

.7288

°7309

.7329

.7320

.7311

.7344

.7377

.7371

.7365

.7359

.7352

M

2.034

2.034

2.029

2.023

2.013

2.003

2.002

2.001

1.997

1.993

1.988

1.983

1.978

1.974

1.976

1.978

1.971

1.964

1.965

1.966

1.968

1.969

40

0.000

.000

.145

.304

.578

.867

.896

.925

1.041

1.157

1.301

1.446

1.605

1.720

1.663

1.605

1.807

2.024

1.995

1.952

1.894

1.865
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Figure 4.- Schlieren photographs of flow field.
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Figure 4.- Schlieren photographs of flow field.
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Figure 17.- Radial Mach number distribution for nonburning case.

40



r F T [ F

Z _

x._

C
0

om

1

o -_/
-4

Inverse application of
methodof characteristics (ref. 7)
Mixing theory (ref. 5)
Outer edgeof mixing region

j J

I ,/ 1_ _ r_l " I I

-2 0 2 4 6 8 10 12

Axial location, x/r.
J

Figure 18.- Comparison of streamlines from mixing analysis and inverse application

of method of characteristics for the burning case.

NASA-Langley, 1971 -- 33 L-7498 41


